Purpose: To compare bicomponent ultrashort echo time (UTE) T Ã 2 parameters of patellar tendon between healthy volunteers and patients with patellar tendinopathy. Materials and Methods: This study was performed with Institutional Review Board approval and with all subjects signing informed consent. A UTE-T Ã 2 mapping sequence was performed at 3.0T on the knees of 10 healthy volunteers and in 11 patients with patellar tendinopathy. The UTE-T Ã 2 relaxation times of the fast relaxing macromolecular bound water component (T Ã 2 F ) and the slow relaxing bulk water component (T Ã 2 S ) and the fraction of the fast relaxing macromolecular bound water component (F F ) of patellar tendon were measured in all subjects. Wilcoxon rank-sum tests were used to compare UTE-T
M
usculoskeletal tissues with an abundant content of highly organized collagen fibers, such as tendon, appear dark when using conventional magnetic resonance imaging (MRI) methods due to their extremely rapid signal decay. Ultrashort echo time (UTE) techniques have recently been developed to capture the rapidly decaying signal within musculoskeletal tissues. 1 By acquiring multiple echoes as short as 0.008 msec, these techniques can be used to calculate ultrashort echo time T Ã 2 (UTE-T Ã 2 ) relaxation time of tendon. [2] [3] [4] [5] [6] [7] Previous studies have documented changes in the UTE-T Ã 2 relaxation time of tendon due to cyclic loading, 2, 3 various tissue preservation methods, 4, 5 strenuous physical activity, 6 and pathologic degeneration. 7 However, changes in UTE-T Ã 2 relaxation time of tendon are nonspecific and can be potentially caused by multiple factors associated with tendon degeneration including changes in hydration, macromolecular content, and disruption of the collagen fiber network. 8 Bicomponent UTE-T Ã 2 mapping techniques can potentially improve the sensitivity and specificity of UTE-T Ã 2 analysis by assessing the individual water components of tendon. Bicomponent UTE-T Ã 2 mapping techniques have detected two distinct T Ã 2 components within tendon, representing fast relaxing water bound to the highly organized collagen fibers and slow relaxing bulk water with T Ã 2 relaxation times ranging between 0.3 and 1.3 msec for the short component and 8.2 and 20.4 msec for the long component. 3, [9] [10] [11] [12] However, few studies have documented the usefulness of bicomponent UTE-T
Materials and Methods

Study Group
The study was performed in compliance with Health Insurance Portability and Accountability Act (HIPAA) regulations and with approval from our Institutional Review Board. All subjects signed written informed consent prior to their participation in the study. The study group consisted of 10 healthy volunteers with no prior history of knee pain, injury, or surgery and 11 patients with patellar tendinopathy. All patients with patellar tendinopathy were high-level collegiate or recreational athletes who were diagnosed by a fellowship-trained sports medicine specialist with 15 years of clinical experience (J.J.W.) using standardized criteria that included pain and point tenderness localized to the inferior pole of the patella and load-related anterior knee pain that increased with strenuous use of the knee extensor muscles. 13 The diagnosis of patellar tendinopathy was confirmed on an MRI examination of the knee performed on all patients and interpreted by a fellowshiptrained musculoskeletal radiologist with 13 years of clinical experience (R.K.) which showed thickening and increased signal intensity within the patellar tendon and/or absence of any associated findings which could explain an alternative etiology of anterior knee pain.
MRI Examination
An MRI examination was performed on the right knee of all healthy volunteers and the most symptomatic knee of all patients with patellar tendinopathy on the same 3.0T imaging system (Discovery MR750, GE Healthcare, Waukesha, WI) using an 8-channel phased-array extremity coil (InVivo, Orlando, FL). Foam padding was used to firmly secure the knee within the coil to minimize subject motion during the MRI examination. The knee of all subjects was imaged in the sagittal plane using an intermediate-weighted fast spin-echo sequence with a 2200 msec repetition time (TR) and 24 msec echo time (TE) and in the sagittal and axial planes using a frequency-selective fat-suppressed T 2 -weighted fast spin-echo sequence with a 4200 msec TR and 85 msec TE. Other imaging parameters included a 908 flip angle, 14 cm field-of-view, 6 31 KHz bandwidth, 384 3 224 in-plane matrix, 3 mm slice thickness, and two excitations. The patellar tendon of all subjects was imaged in the sagittal plane using a 3D gradient-echo-based multiecho UTE-T Ã 2 mapping sequence called 3D-Cones (GE Healthcare), which utilized a k-space sampling scheme of a center-out twisted 3D cone trajectory that allowed a minimal TE of 0.03 msec. 14 .0 msec based on TE selection from a previous tendon study. 3 For each acquisition, the same TR was used and four echoes were acquired. Other imaging parameters included a 40 msec TR, 208 flip angle, 16 cm field-of-view, 6 150 KHz bandwidth, 256 3 256 in-plane matrix, 3 mm slice thickness, one excitation, 10 slices covering the entire patellar tendon, and 19 minutes total scan time. To assess repeatability of bicomponent UTE-T Ã 2 parameter measurements, 3D-Cones was performed twice on the same knee of the 10 healthy volunteers with the subjects taken out of the scanner and allowed to rest in a sitting position for 10 minutes between scans.
Reconstruction of UTE-T Ã 2 Parameter Maps UTE-T Ã 2 parameter maps were created by voxel-by-voxel curve fitting using a custom-made software program based on the nonlinear least square "fmincon" function developed in MatLab (v. 2010b, MathWorks, Natick, MA). All images were registered to the first echo using a rigid registration method implemented in Elastix software to correct for subject motion between scans. 15 A singlecomponent exponential signal model that incorporated Rician noise was used to create 3D parameter maps of single-component UTE-T . 17 The initial parameter guess of T , and F F , respectively, which reflected a reasonable parameter range for the patellar tendon. The algorithm converging iterations were continued until the step size between the successive estimates was small (<10 -8 ), the object function was small (<10 -8 ), or total iteration of 1000 was achieved. Voxels that failed the converging iteration criteria or converged at the parameter searching space boundaries were considered outliers and excluded from the parameter maps.
Image Analysis
The patellar tendon of all subjects on all sagittal UTE source images with a TE of 20.0 msec, which provided the best morphologic visualization of the tendon, was manually segmented by a research assistant with 6 years of segmentation experience (F.L.) under the supervision of a fellowship-trained musculoskeletal radiologist with 13 years of clinical experience (R.K.) using a custom-made software program developed in MatLab. The tendon masks were then superimposed over the single-component and bicomponent UTE-T Ã 2 parameter maps to measure the mean T The intermediate-weighted and fat-suppressed T 2 -weighted fast spin-echo sequences and the UTE-T Ã 2 parameter maps of all subjects were reviewed by a fellowship-trained musculoskeletal radiologist with 13 years of clinical experience (R.K.). The fast spinecho images were reviewed to determine the presence of thickening and increased signal intensity within the proximal patellar and to grade the severity of patellar tendinopathy using a previously described grading system (grade 0 5 clinically diagnosed disease without associated MRI findings of tendon thickening and increased signal intensity, grade 1 5 increased signal intensity occupying less than 25% of the axial cross-sectional tendon width, grade 2 5 increased signal intensity occupying between 25% and 50% of the axial cross-sectional tendon width, and grade 3 5 increased signal intensity occupying more than 50% of the axial cross-sectional tendon width). 18 The presence of associated knee joint pathology including cartilage loss, bone marrow edema lesions, fat-pad synovitis, fragmentation and edema of the tibia tuberosity, joint effusion, intra-articular body, and tendon, ligament, and meniscus tear was also assessed on the fast spin-echo images. The UTE-T Ã 2 parameter maps of all subjects were reviewed to determine the presence of visible changes in T 
Statistical Analysis
Statistical analysis was performed using MatLab. Statistical significance was defined as a P-value less than 0.05. Wilcoxon rank sum tests were used to compare the mean T Ã 2 , T Ã 2 F , T Ã 2 S , and F F of the entire patellar tendon between healthy volunteers and patients with patellar tendinopathy. The nonparametric test was best suited for the small number of subjects in our study since it did not require an assumption of normality of the data. The Holm-Bonferroni correction method was used to adjust all P-values to account for comparison of multiple UTE-T Ã 2 parameters between groups of subjects. Repeatability of tendon UTE-T Ã 2 parameter measurements was assessed using coefficient of variation. Bland-Altman analysis was also performed to assess the estimated bias and 95% limits of agreement between the parameter measurements obtained using the two scans. The chi-square statistic was used to assess the quality of fit of the single-component and bicomponent exponential signal models. The chi-square was first calculated for each voxel volume within the tendon for each subject, and the mean chi-square was then calculated as the average of all voxel-based values within the tendon for all healthy volunteers and patients with patellar tendinopathy. 19 
Results
The study group consisted of 10 healthy volunteers (seven males and three females with an age range between 22 and 34 years and an average age of 27.5 years) and 11 patients with patellar tendinopathy (eight males and three females with an age range between 19 and 37 years and average age of 28.1 years). All 10 healthy volunteers showed no knee joint abnormalities on the intermediate-weighted and fatsuppressed T 2 -weighted fast spin-echo images. Eight patients with patellar tendinopathy showed thickening of the proximal patellar tendon, with seven of these patients also showing increased signal intensity within the proximal patellar tendon on the fast spin-echo images. Two patients with a clinical diagnosis of patellar tendinopathy showed no thickening or increased signal intensity within the patellar tendon. Two patients had grade 0 patellar tendinopathy, seven patients had grade 1 patellar tendinopathy, and two patients had grade 2 patellar tendinopathy. All 11 patients with patellar tendinopathy showed no additional knee joint abnormalities on the fast spin-echo images including patellofemoral compartment cartilage and bone edema lesions, fat pad synovitis, or fragmentation or edema of the tibia that could explain an alternative cause of anterior knee pain.
Mean
, and F F of the entire patellar tendon was 2.0 msec (95% confidence interval [CI} 1.5-2.4 msec), 1.5 msec (95% CI 1.3-1.8 msec), 23.1 msec (95% CI 21.7-25.0 msec), and 79.5% (95% CI 77.8-81.4%) respectively for healthy volunteers and 3.1 msec (95% CI 2.8-3.5 msec), 1.9 msec (95% CI 1.7-2.1 msec), 22.3 msec (95% CI 19.5-24.2 msec), and 75.5% (95% CI 74.7-78.9%) respectively for patients with patella tendinopathy. Patients with patellar tendinopathy had significantly higher T Ã 2 (P 5 0.001) and T Ã 2 F (P 5 0.01) and significantly lower F F (P 5 0.007) of the patellar tendon when compared to healthy volunteers. There was no significant difference (P 5 0.10) in T Ã 2 S of the patellar tendon between healthy volunteers and patients with patellar tendinopathy. Figure 1a shows sagittal images through the patellar tendon in a healthy volunteer at all 16 echoes acquired using the 3D-Cone UTE-T Ã 2 mapping sequence. There was a monotonic decay of the MRI signal of the patellar tendon with much stronger decay occurring prior to 4.3 msec than after 4.3 msec. Figure 1b ,c shows signal intensity curves for a region of interest placed in the patellar tendon in a healthy volunteer and a patient with patellar tendinopathy, respectively. There was visibly improved curve fit of the signal intensity values when using a bicomponent exponential signal model. The mean chi-square was lower for the bicomponent exponential signal model (146 and 156 for healthy volunteers and patients with patellar tendinopathy, respectively) than for the single-component exponential signal model (284 and 320 for healthy volunteers and patients with patellar tendinopathy, respectively), confirming a better quality of fit when using the bicomponent model. Figures 2 and 3 illustrate examples of differences in UTE-T Ã 2 parameter maps of the patellar tendon between healthy volunteers and patients with grades 0 and grade 2 patellar tendinopathy, respectively. All patients with patellar tendinopathy, including the two patients with grade 0 tendinopathy, showed focal areas of visibly increased T 
Discussion
Our study found that patients with patellar tendinopathy had significantly higher T Ã 2 F and significantly lower F F of patellar tendon when compared to healthy volunteers. Juras et al also investigated the use of bicomponent UTE-T Ã 2 parameters for detecting tendon degeneration and found that patients with Achilles tendinopathy had significantly higher T Ã 2 F but similar T Ã 2 S and F F when compared to healthy volunteers. 9 However, the UTE-T Ã 2 mapping sequence used in this study had a minimum echo time of 0.8 msec and acquired only a limited number of short echoes to assess the fast relaxing water component of tendon.
This was likely the cause of the decreased sensitivity of F F for detecting tendon degeneration and the lower measured F F values of both healthy and diseased tendon in the study performed by Juras et al when compared to our study. 9 Tendon consists primarily of highly ordered type 1 collagen fibers embedded in a ground substance comprised of water, proteoglycan, glycoproteins, and other small molecules. 20 Tendon degeneration results in decrease in collagen content, increase in water, proteoglycan and lipid content, and collagen disorganization on both the microstructural (ie, triple helical tropocollagen and fibril) and macrostructural (ie, fiber and fascicular) level. 8 The fundamental mechanisms responsible for changes in F F , T parameters with biochemical or microstructural properties of normal or diseased tendon. However, the lower F F in patients with patellar tendinopathy may be due to a decrease in collagen content and increase in bulk water content of degenerated tendon. The higher T Ã 2 F in patients with tendinopathy may be the result of collagen fiber disruption on the microstructural level that results in decreased restriction of collagen bound water. Disruption and disorganization of collagen at the macrostructural level would theoretically result in decreased restriction of bulk water within tendon and thus lead to an increase in T Ã 2 S . However, our study and the study performed by Juras et al 9 found no significant difference in T Ã 2 S between patients with tendinopathy and healthy volunteers. This may be the result of the increased uncertainty and higher sensitivity to noise of T Ã 2 S parameter estimation due to the relatively small fraction of the slow relaxing water component in tendon, which provides little MRI signal at later echoes. 21 Single component UTE-T Ã 2 mapping techniques have been previously used to detect tendon degeneration and have shorter scan times and less complex reconstruction algorithms when compared to bicomponent UTE-T Ã 2 mapping techniques. 7 In fact, our study found that patients with patellar tendinopathy had significantly higher T analysis of the Achilles tendon in human subjects and found that the bicomponent analysis provided greater diagnostic performance for distinguishing between healthy and diseased tendon. 9 Bicomponent UTE-T Ã 2 analysis may also be useful for monitoring disease-related and treatment-related changes in tendon composition and structure. For example, F F may be useful for detecting changes in the collagen and bulk water content of tendon, while T Ã 2 F and T Ã 2 S may be useful for detecting changes in collagen organization on both the microstructural and macrostructural levels, respectively.
Our study has several limitations. First, our study focused exclusively on the patellar tendon and included only a relatively small number of healthy volunteers and patients with patellar tendinopathy. In particular, the small number of subjects did not allow us to investigate potential differences in T Ã 2 F , T Ã 2 S , and F F between patients with different grades of patellar tendinopathy and to determine the association between bicomponent UTE-T Ã 2 parameters and the severity of knee pain and functional disability in patients with patellar tendinopathy. Furthermore, our study did not investigate the mechanisms responsible for differences in bicomponent UTE-T Ã 2 parameters between healthy volunteers and patients with patellar tendinopathy. Additional studies correlating F F , T Ã 2 F , and T Ã 2 in ex vivo patellar tendon specimens with collagen, water, proteoglycan, and lipid content using biochemical assays and collagen microstructure and macrostructure using conventional and polarized light microscopy are needed to investigate the factors responsible for changes in bicomponent UTE-T Ã 2 parameters at various stages of tendon degeneration. In conclusion, our study has shown that bicomponent UTE-T Ã 2 parameters measured using 3D-Cones can detect changes in the composition and structure of degenerated tendon in patients with patellar tendinopathy. The 3D-Cones UTE-T Ã 2 mapping sequence used in our study provided complete anatomic coverage of the patellar tendon in a clinically feasible scan time on a 3.0T imaging system and had high repeatability for measuring bicomponent UTE-T Ã 2 parameters with coefficients of variation that compared favorably with other quantitative musculoskeletal MRI techniques. [22] [23] [24] 3D-Cones may provide a new quantitative MRI method to identify patients with early tendon degeneration in clinical practice and to monitor diseaserelated and treatment-related changes in tendon composition and structure in longitudinal research studies. However, further studies are needed to better understand the fundamental mechanisms responsible for changes in F F , T in patients with patellar tendinopathy and other tendon disorders and to investigate the responsiveness of bicomponent UTE-T
